Chloride induced corrosion is an important reason for the deterioration of reinforced
INTRODUCTION
The addition of steel fibre significantly improves many engineering properties of mortar and concrete, notably toughness [1, 2] . Meanwhile, steel fibre reinforced concrete (SFRC) has high durability due to its superior resistance to crack initiation and propagation, especially under external load [3, 4] . Chloride induced corrosion of steel reinforcement in concrete is probably the most serious durability problem of reinforced concrete (RC) structures [5, 6] . Some work has been carried out over the past few decades to investigate the chloride transport property of SFRC, and was reviewed in Ref. [7, 8] . Overall, present studies found that SFRC had similar or slightly better performance on chloride resistance compared with plain concrete.
Chloride transport occurs in the porous network of concrete, which comprises both the hydration-induced porosity and cracks. Under an applied load, distributed micro-cracks propagate, coalesce and align themselves to produce macro-cracks. The presence of these defects and cracks creates easy access routes for chloride ingress, resulting in early steel corrosion in concrete [9] . Therefore, the study of the chloride transport in concrete under external load is of great significance for designing concrete structures and for achieving greater durability. However, research on transport properties of fibre reinforced concrete (FRC) under external load was mostly focused on permeability [10] [11] [12] [13] . Only a few studies have evaluated chloride resistance of FRC specimens under loading [14] [15] [16] . Antoni et al. [16] found that for both plain concrete and polypropylene FRC specimens under compression, the chloride resistance decreased at low stress levels and increased at high stress levels. While under the same compressive stress level, the chloride resistance of FRC was a lot better than plain concrete. They also observed a greater chloride resistance of FRC when the specimens were under tensile stress [14] . Limited work has been performed to investigate the chloride diffusion in SFRC structures under load. To the authors' knowledge, there is no present study on the prediction of chloride ingress in SFRC under bending load.
Even though SFRC has been used in broad applications for the past several decades, the relatively high cost of SFRC compared with plain concrete still restricts its application to a large extent. Therefore, proving the high durability and long service life of SFRC can promote its application, and has great significance for the development of SFRC. In this paper, chloride bulk diffusion tests were carried out on plain concrete and SFRC specimens with and without bending load. The chloride resistances of different concrete specimens were compared and discussed. Based on the test results, the time-dependent apparent chloride diffusion coefficients were calculated, and the corrosion initiations of plain concrete and SFRC under bending load were predicted.
THEORETICAL

Chloride diffusion theory Fick's second law of diffusion
The mechanism of chloride transport into concrete structures is a rather complicated process. Hooton [17] pointed out there were at least six transport mechanisms for chloride penetrating into concrete: adsorption, diffusion, binding, penetration, capillary suction and dispersion, etc. For simplicity's sake, all kinds of chloride transport mechanisms in concrete are generally regarded as 'apparent diffusion'. The diffusion equation based on Fick's second law is a most convenient mathematical model to describe the non-steady diffusion processes of chloride ingress in a concrete structure. By assuming the chloride diffusion coefficient is constant, the well-known analytical solution of the Fick's second law of diffusion is (1) where C(x,t) is chloride concentration at depth x and immersion time t, C s is chloride concentration at the surface, x is the penetration depth, t is the immersion time, and D is chloride diffusion coefficient.
Time-dependent chloride diffusion coefficient
The chloride diffusion coefficient of concrete is not constant but decreases over time due to the continuous hydration [18, 19] . In 1992, Tang and Nilsson [20] found that the measured diffusion coefficient in young concrete dramatically decreased with age based on their rapid diffusivity test, and they proposed the mathematical expression for a time-dependent chloride diffusion coefficient based on Crank's mathematics of diffusion:
where D(t) is the time-dependent diffusion coefficient, t is the concrete age, and a and n are constants, with n normally being referred to as the age factor. If the chloride diffusion coefficient D 0 at the age of t 0 is known, Equation 2 can be rewritten as
The hydration rate of concrete gradually decreases and comes to a halt with time. Life-365 (a software designed for estimating the service life and life-cycle costs of concrete and corrosion protection systems) Manual [21] suggested that Equation 3 should be applied to concrete younger than 25 years and after 25 years D ( 4) where D a is the apparent chloride diffusion coefficient, t s and t d are the age when concrete starts to be exposed to chlorides and exposure duration, respectively. Strictly speaking, the apparent diffusion coefficient D a instead of D(t) can be used in the analytical solution of Fick's second law and Equation 1 is rewritten as
Age factor n The age factor n is an important parameter for determining the time-dependent chloride diffusion coefficient. However, there are different opinions about the effect of concrete composition on age factor n. Table 1 gives some values of n for different concrete. It is obvious that both water/cement (w/c) ratio and admixtures have an important impact on n. The use of admixtures such as fly ash (FA) and slag would increase the age factor without any doubts. That means using fly ash and slag contributes to further decrease of diffusion coefficient with time. However, there are quite different conclusions when it comes to w/c ratio. For ordinary Portland concrete (OPC), a lower n with a higher w/c ratio was observed by Tang [20] and Chalee [22] . However, Mangat [23] and Boddy [24] found that increasing the w/c ratio lead to a higher n. For concrete containing admixtures, the effect of w/c ratio on n is not as clear as the effect of w/b ratio. Age factor n declined with the increase of w/b ratio in Ref. [18, 22, 25] . The disagreement on the effect of w/c ratio may be caused by different test methods and conditions. Besides, n may be affected by some other factors hence the change of n in different concrete might involve the effects of many factors rather than just w/c ratio. Further research is still needed for the determination of n in the future.
Corrosion initiation prediction
The deterioration process of RC structures caused by chloride ingress consists of two periods: initiation and propagation [27] . The length of the initiation period can be estimated from the time required for chlorides to reach rebar surfaces and trigger active corrosion. The propagation period can be taken as the time elapse until repair becomes mandatory. In this paper, the corrosion initiation period is predicted.
Taking the cover thickness of concrete structure as the depth x in Equation 5, the time needed for chlorides to reach the critical concentration at depth x can be regarded as corrosion initiation period. If the critical chloride concentration C cr , the surface chloride concentration C s and the apparent chloride diffusion coefficient D a are determined, the corrosion initiation can be predicted with Equation 5.
Glass and Buenfeld [28] suggested that the critical chloride concentration C cr could be 0.4 % (by mass of cement) for buildings exposed to a temperate European climate and 0.2 % for structures exposed to a more aggressive environment. The range of 0.2 ~ 0.4 % by mass of cement is equivalent to a range of 0.03 ~ 0.07 % by mass of concrete (for typical concretes with cement contents in the range of 350 to 400 kg·m -3 ). Consequently, a value of C cr = 0.05 % (by mass of concrete) was adopted here. Life-365 model [21] assumed a constant value of 0.8 % (by mass of concrete) for surface chloride concentration C s of concrete structures in marine splash zone. The value of C s in this study was set to be 0.8 % as well. As for the chloride diffusion coefficient, D a was firstly determined through experiment. Consequently, the chloride diffusion coefficient D 0 at time t 0 was calcu- 
EXPERIMENTAL Materials and mixture proportions
The materials used in this study were Portland cement; fly ash; natural sand with a maximum grain size of 4.75 mm; gravel with size ranging from 5 to 20 mm; water; and hooked steel fibres with a length of 35 mm and a diameter of 0.55 mm. The tensile strength of steel fibres was 1345 MPa and the elastic modulus was 210 GPa. The chemical compositions and physical properties of cement and fly ash are listed in Table 2 .
Mixture proportions of the concrete are given in Table 3 . C50 was plain concrete without steel fibres. SFRC-1 and SFRC-1.5 were SFRC with steel fibres of 1 % and 1.5 % in volume fraction, respectively. Fly ash was used to replace 30 % of cement. The water/binder ratio of the concretes was 0.35, which was relatively low. As a result, the addition of steel fibres would lead to a loss in workability, which is a very important index of concrete in practical application. Compared with plain concrete, the loss in workability of SFRC could limit its application to a certain extent. Based on this consideration, the SFRCs in this study were designed to achieve a similar workability with plain concrete. As the volume fraction of steel fibres increased, the amount of gravel was reduced and the amount of mortar was increased to accommodate the increased surface area of steel fibres. The measured slumps of all the fresh mixtures were
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∫ within 200 ± 10 mm. Roque et al. [29] and Teruzzi et al. [30, 31] adopted a similar mixture design approach when studying the durability of SFRC and effects of steel fibres. The compressive strengths of C50, SFRC-1 and SFRC-1.5 at 28 days were 60.5 MPa, 60.8 MPa and 61.6 MPa, respectively. Clearly, the compressive strength of C50 and SFRC were very close and in the same strength grade.
The mixtures were cast into 500 × 130 × 100 mm 3 moulds for flexural and chloride bulk diffusion tests. After 24 hours curing in moulds, the specimens were demoulded and cured in standard conditions (20°C, RH > 95 %) until 90 days.
Bulk diffusion test
A modified non-steady state diffusion test, based on NT Build 443 [32] , was used to estimate the resistance against chloride penetration into plain concrete and SFRC. After 90 days standard curing, the specimens were surface dried and coated with epoxy painted on all surfaces except one exposed surface. For the specimens under load, bending load was applied through a stainless steel loading device (Figure 1 ). The stress was applied and controlled through adjusting the deformation of the springs. The exposed surface of the stressed specimen was placed on the tensile side. Specimens with and without bending load were submerged in a 3.5 % sodium chloride (NaCl) solution. The stressed specimens were immersed in the NaCl solution with the loading device so that the bending load was applied to the specimens throughout the diffusion test.
Due to the varying flexural strengths of concretes, it is widely adopted that the stress level (ratio of the applied stress to the ultimate strength), instead of bending load, set to be identical when studying the effect of stress on chloride resistance of concrete. The studied bending load was set at a stress level of 0.5 and the detailed information about the bending load is given in Table 4 .
After 60 days, 90 days and 150 days immersion, respectively, specimens were taken out to determine the chloride contents at varying depths from the exposed Table 2 . Chemical compositions and physical properties of cement and fly ash. surface. Thin layers were ground off parallel to the exposed face of the specimen with a grinding machine. The water-soluble chloride, namely free chloride of the layers was determined through titration according to JTJ 270-98 [33] . There were compressive stress and tensile stress in specimens under bending load, which both had effects on the chloride transport properties of concrete. Considering the rebars were usually placed in the tensile zones, the chloride concentration near the tensile surface was measured for the stressed specimens and the grinding zone was the centre of the tensile surface, as shown in Figure 1 . By using the least squares non-linear regression, the measured chloride profiles were fitted to the solution of Fick's second law of diffusion and the apparent chloride diffusion coefficient was determined.
Chemical compositions (% by weight)
RESULTS AND DISCUSSION
Chloride diffusion properties
Based on Equation 5 , the apparent chloride diffusion coefficient D a was found by iteration. Results of D a for different immersion times are given in Table 5 .
As shown in Table 3 , the apparent chloride diffusion coefficients of both plain concrete and SFRC specimens were not constant and decreased over time resulting from the refinement of the pore structure, which should be taken into consideration when used for corrosion initiation prediction.
For the unstressed specimens, the chloride resistance of SFRC specimens was slightly better than plain concrete specimens. After 150 days immersion without load, D a of SFRC50-1 was 1 % lower than C50, and D a of SFRC-1.5 was 13 % lower than C50. The improvement in the chloride resistance of concrete due to steel fibres in this study could be contributed to several factors: (1) The steel fibre could restrain the shrinkage of concrete and hence reduced the quantity and width of the microcracks; (2) Compared with plain concrete, SFRC had more amounts of cement and fly ash. As a consequence, there were more chlorides bound with the hydrates and hence retarded the chloride transport process [34] . As reviewed in [8] , the effects of steel fibres on the chloride resistance of concrete are still open issues and clearly need further study. Overall, the changes in chloride resistance of concrete due to adding steel fibres are insignificant, no matter the matrixes of concretes are identical or properly adjusted (reducing the amount of gravel as the fibre volume fraction increased) as in this study.
On the other hand, the difference in D a for plain concrete and SFRC specimens under tensile stress was quite significant. Since the flexural strength of concrete was greatly improved by adding steel fibres, the bending load applied on C50 specimens was actually much lower than SFRC specimens under the same stress level of 0.5. Even so, after 150 days immersion with bending load, D a of SFRC50-1 was 29 % lower and D a of SFRC-1.5 was 38 % lower, compared with D a of C50. Due to the superior resistance of steel fibres to crack initiation and propagation, the addition of fibres lead to a change in the crack profile whereby, instead of a few large cracks, a multitude of closely spaced microcracks form [35] . The transport properties of concrete are very sensitive to the crack widths. The reduction in crack widths by adding steel fibres would significantly improve the chloride resistance of concrete under stress.
Chloride diffusion coefficient D 0
The age factor n needed to be determined before calculating the chloride diffusion coefficient D 0 . However, its determination requires lots of data on chloride diffusion coefficients and is very time-consuming. The concretes in this study contained 30 % fly ash as cement replacement material. As mentioned above, the addition of fly ash would increase the value of n compared with OPC. The age factor n for concrete containing fly ash in Table 1 is in the range of 0.66 ~ 1.34, varying with fly ash dosage and water/binder ratio. Besides, Bamforth [36] suggested the age factor for concrete with 30 ~ 50 % fly ash was 0.70. Duracrete [37] suggested an age factor of 0.69 for concrete containing fly ash in a submerged environment. Apparently, the value of 0.69 for n is relatively conservative for concrete containing fly ash. Moreover, considering the specimens were submerged in NaCl solution as well during the chloride diffusion tests, the value of 0.69 for n was adopted in this paper. Consequently, the following corrosion initiation predicted with this age factor (0.69) was only applicable for concrete in a submerged environment. The chloride diffusion coefficient D 0 was calculated with Equation 4 . The results are shown in Table 6 (given t 0 was 60 days).
As shown in Table 6 , the differences in D 0 of unstressed concrete specimens were not substantial, which was consistent with the results of D a . Compared with unstressed C50 specimen, D 0 was reduced by 3 % with SFRC-1, and 12 % with SFRC-1.5. When concrete specimens were under bending load, the presence of steel fibres made a significant difference on D 0 . D 0 of SFRC-1 and SFRC-1.5 were 30 % and 38 % lower than that of C50, respectively. Besides, the applied bending load raised the chloride diffusion coefficient D 0 by 50 % for plain concrete C50. While for SFRC, D 0 of SFRC-1 and SFRC-1.5 were only increased by 9 % and 6 %, respectively, due to the bending load. In other words, the effect of bending load on chloride diffusion coefficient was impaired remarkably by steel fibres. This means the application of SFRC could enhance the durability of RC structures exposed to chloride environments and prolong the service life of structures greatly.
Prediction on corrosion initiation
The corrosion initiation of RC structures was evaluated based on the solution of Fick's second law (Equation 5 ). The apparent chloride diffusion coefficient D a was calculated through Equation 4. Given concrete was exposed to chloride environment at the age of 14 days, that was t s = 14 d. A common range of 25 ~ 50 mm for cover thickness was investigated. The corrosion initiations of submerged concrete structures with and without bending load (at a stress level of 0.5) were pre-dicted and the results are shown in Figure 2 .
As shown in Figure 2 , the corrosion initiation got longer as the cover thickness increased. The slopes of the curves grew with the cover thickness as well, which means increasing cover thickness is a simple and effective way to retard the corrosion initiation. For RC structures under no stress, the corrosion initiations of different kinds of concrete cover didn't vary very much, especially between C50 and SFRC-1. For plain concrete C50, the corrosion initiations were shortened by about 60 % when there was bending load applied. The corresponding decrements for SFRC-1, SFRC-1.5 were 20 % and 13 %, respectively. Besides, for RC structures under bending load, the corrosion initiation of plain concrete C50 was only about 1/3 of SFRC with the same cover thickness. This means when RC structures are under external bending load, SFRC could significantly retard the corrosion initiation. Table 7 lists the ratios of corrosion initiations of SFRC to plain concrete C50. For unstressed concrete, the corrosion initiation of SFRC was 6 ~ 40 % longer compared with plain concrete. For concrete under bending load, the corrosion initiation of SFRC was 2.2 ~ 3.6 times of that for plain concrete, varying with fibres dosage and cover thickness. It is obvious from Table 7 that the ratios are sensitive to the cover thickness. For a common cover thickness range of 25 ~ 50 mm, SFRC had the most remarkable effect on prolonging the corrosion initiation when the cover thickness is within 35 ~ 40 mm. Take a cover thickness of 35 mm for example, the corrosion initiation of stressed RC structures was prolonged by 9 % with SFRC-1, and 40 % with SFRC-1.5. Considering the cost of SFRC, its application on unstressed RC structures may be not economic. However, for RC structures under bending load, SFRC-1 can extend the corrosion initiation to 2.6 times, and SFRC-1.5 can extend the corrosion initiation to 3.6 times, compared with plain concrete. Besides, the presence of steel fibres can restrict the cracking in concrete during the propagation period, hence extend the propagation period as well. Overall, the application of SFRC can prolong the service life and reduce the maintenance cost of RC structures in loadcoupled chloride environment. Therefore, SFRC has a lower life-circle cost and is more environment-friendly under some circumstances.
CONCLUSIONS
To verify the advantages of using SFRC for RC structures, the bulk chloride diffusion tests were performed on plain concrete and SFRC specimens with and without bending load (at a stress level of 0.5). Based on Fick's second law and its analytical solution, the chloride ingress in submerged SFRC under bending load was predicted. Considering the chloride diffusion coefficient was time-dependent, the apparent diffusion coefficient was introduced and used for corrosion initiation prediction. Based on the results obtained, the following conclusions could be drawn:
• For unstressed concrete, the chloride diffusion coefficient of plain concrete was a bit higher than SFRC, while the difference was not substantial.
• When concrete was under bending load at stress level of 0.5, the presence of steel fibres greatly reduced the impact of bending load on the chloride diffusion rate. For concrete in tension, D 0 of SFRC-1 was 30 % lower, and D 0 of SFRC-1.5 was 38 % lower, respectively, than that of plain concrete C50.
• According to the predicted results, the advantage of using SFRC for RC structures under no load was not obvious. On the other hand, the corrosion initiation of plain concrete was shortened by about 60 % when there was bending load applied. It was reduced by no more than 20 % for SFRC under the same conditions. The using of SFRC could prolong the initiation period of concrete structures to 2.2 ~ 3.6 times of that for plain concrete, varying with the fibre dosage and cover thickness. Therefore, SFRC can improve the chloride resistance and prolong the service life of concrete structures in severe chloride environment.
